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NUCLEATE AND FILM BOILING IN REDUCED GRAVITY FROM 

HORIZONTAL AND VERTICAL WIRES 

by Robert Siege1 and Edward G. Keshock 

Lewis Research Center 

SUMMARY 

Nucleate bo i l ing  w a s  s tud ied  experimentally from e l e c t r i c a l l y  heated hor i -  
zontal  and v e r t i c a l  w i r e s  (0,0197-in. d i m . )  i n  water, e t h y l  alcohol,  and 
60-percent-by-weight aqueous sucrose solut ion i n  g rav i ty  f i e l d s  of 0.014 and 
1.0 times Earth grav i ty .  The f l u i d s  were a t  t h e i r  s a tu ra t ion  temperatures a t  
atmospheric pressure.  The g rav i ty  reduction t o  0.014 t i m e s  Ear th  g rav i ty  
caused a s h i f t  of only a few degrees i n  the  curve of hea t  f l u x  as a funct ion of 
t he  d i f fe rence  between surface and s a t u r a t i o n  temperatures. 

Film bo i l ing  of e t h y l  a lcohol  w a s  observed a t  Earth g rav i ty  and a t  s eve ra l  
reduced g rav i ty  f i e l d s  down t o  0.014 t i m e s  Earth grav i ty .  
zontal  and t h e  v e r t i c a l  o r ien ta t ions ,  t h e  grav i ty  f i e l d  and t h e  circumferent ia l  
sur face  tens ion  a t  t h e  i n t e r f a c e  of t h e  vapor f i l m  surrounding t h e  t h i n  wire  
proved t o  be very important f o r  t h e  determination of t h e  vapor removal pa t t e rn .  
A s  g rav i ty  w a s  reduced, t h e  vapor f i l m  behavior f o r  the  v e r t i c a l  o r i en ta t ion  
approached t h a t  f o r  t h e  hor izonta l  pos i t ion .  
ab le  t h a t  i l l u s t r a t e s  the  boi l ing  behavior i n  reduced gravi ty .  

For both t h e  hor i -  

A motion p i c t u r e  f i l m  i s  ava i l -  

INTRODUCTION 

Un t i l  s eve ra l  years  ago, experiments on bo i l ing  heat  t r a n s f e r  had a l l  been 
conducted a t  Earth g rav i ty  conditions.  
e n t  i n  some of t h e  t h e o r e t i c a l  analyses and experimental cor re la t ions ,  no ex- 
perimental  evidence had been obtained t o  ver i fy  whether t h e  ind ica ted  g rav i ty  
dependence w a s  cor rec t .  An i n t e r e s t  i n  boi l ing performance a t  g rav i ty  f i e l d s  
other  than Earth g rav i ty  arose with regard t o  t h e  design of hea t - t ransfer  de- 
v ices  f o r  space-vehicle appl ica t ions .  Space vehic les  may undergo per iods of 
acce lera t ion  and coast ing,  and the  body forces may, accordingly, be g r e a t e r  or 
l e s s  than the  body force  experienced under s ta t ionary  conditions on Earth.  A s  
a r e s u l t ,  var ious s tud ie s  have been i n i t i a t e d  t o  examine both reduced and i n -  
creased gravi ty  e f f e c t s .  
bo i l i ng  and film boi l ing  from t h i n  wires i n  a reduced-gravity environment f o r  
s a tu ra t ed  l i q u i d s  a t  atmospheric pressure.  

Although a g rav i ty  parameter was pres-  

The present  r epor t  is  concerned with nucleate  pool 



Reference 1 was devoted mainly t o  t h e  e f f e c t  of g r a v i t y  reduct ions on t h e  
c r i t i c a l  (burnout) hea t  f lux .  An e l e c t r i c a l l y  heated hor izonta l  wire w a s  used 
as a t e s t  sec t ion  i n  a b o i l e r  s i t u a t e d  on a counterweighted drop tower. The 
t e s t  r e s u l t s  showed t h a t  t h e  burnout heat  flux decreased with g rav i ty  approxi- 
mately as In  t h e  nucleate  range, the,  da ta  i n -  
d ica ted  tha t  t h e  curve of hea t  t r a n s f e r  as a funct ion of t h e  d i f fe rence  between 
surface and sa tu ra t ion  temperatures w a s  unaffected by g r a v i t y  reductions.  
instrumentation i n  these  t e s t s ,  however, could not d e t e c t  sur face  temperature 
changes l e s s  than severa l  degrees. 

g1/4, as ind ica ted  by theory.  

The 

I n  reference 2,  nucleate  bo i l ing  of l i q u i d  hydrogen from a hor izonta l  sur- 
face i n  zero gravi ty  w a s  s tud ied  i n  both drop tower and a i rp l ane  t e s t s .  Test  
times up t o  15 seconds were obtained i n  t h e  a i rp l ane  tests.  The zero-gravity 
nucleate-boiling heat  t r a n s f e r  w a s  e s s e n t i a l l y  t h e  same as t h e  1-gn r e s u l t s .  
Photographic observations showed t h a t  a f t e r  the  bubbles formed a t  t h e  heated 
surface,  coalesced, and departed, t h e  sur face  tens ion  w a s  s u f f i c i e n t l y  l a rge ,  
i n  a l l  cases, t o  rewet t he  sur face  behind the  bubbles. 

I n  reference 3, some r e s u l t s  a r e  repor ted  f o r  nucleate  bo i l ing  of water a t  
and near zero g rav i ty  t h a t  were obtained by using an a i rp l ane  t h a t  provided 
t e s t  times up t o  1 7  seconds. When t h e  g rav i ty  f i e l d  w a s  0.03 gn, t h e  bo i l ing  
heat  t r ans fe r  w a s  not changed from t h a t  i n  1 gn. (All symbols are defined i n  
appendix A . )  
f l u i d  t o  become s t r a t i f i e d  with a higher temperature l a y e r  near t h e  heated sur- 
face.  This s t r a t i f i c a t i o n  caused a pressure r i s e  i n  t h e  closed b o i l e r ,  and t h e  
bulk of the f l u i d  away from t h e  sur face  thereby became subcooled. The vapor 
w a s  observed t o  condense slowly i n  t h e  subcooled l i qu id ,  probably because of 
t h e  l ack  of free-convection c i r c u l a t i o n  of t h e  l i q u i d  around the  bubbles. Be- 
cause of t h e  r i s i n g  pressure,  a steady s t a t e  w a s  not reached f o r  very low grav- 
i t i e s  during t h e  17-second t e s t  durat ion.  

For 0.01 gn, however, t he  l a c k  of convection cur ren ts  caused t h e  

Boiling hea t - t ransfer  r a t e s  f o r  nucleate,  t r a n s i t i o n ,  and film bo i l ing  of 

Nucleate b o i l i n g  again proved t o  be i n s e n s i t i v e  
l i q u i d  nitrogen i n  reduced and near zero g rav i ty  were obtained using a counter- 
weighted drop tower ( r e f .  4 ) .  
t o  grav i ty  reductions f o r  t h e  t e s t  times ava i lab le .  It w a s  concluded i n  r e f -  
erence 4 t h a t  even i n  sa tu ra t ed  l i q u i d s ,  t h e  cont ro l l ing  f a c t o r  i n  nucleate  
bo i l ing  is probably t h e  dynamic (or i n e r t i a l )  force  a r i s i n g  from bubble growth 
r a t h e r  than t h e  buoyancy force.  

Some t e s t s  conducted concurrently with t h e  present  work a r e  described i n  
reference 5. A drop tower providing 1.85 seconds a t  0.01 times Earth g rav i ty  
w a s  used t o  inves t iga t e  nucleate  bo i l ing  and t h e  c r i t i c a l  heat  f lux i n  sa tu-  
r a t e d  water. F2ec t r ica l ly  heated platinum ribbons and wires i n  a hor izonta l  
o r i en ta t ion  were used as t e s t  sec t ions .  The t e s t s  revealed t h a t ,  f o r  nucleate  
boi l ing ,  t h e  pool-boiling process i s  enhanced by a reduct ion i n  g rav i ty  but  t h e  
e f f e c t  i s  small .  This r e l a t i v e  i n s e n s i t i v i t y  t o  g rav i ty  w a s  explained i n  terms 
of t h e  prominence of t h e  l i q u i d  dynamic forces  r e s u l t i n g  from bubble growth. 
Some very i n t e r e s t i n g  photographs of burnout i n  0.01 gn a r e  a l s o  included. 

Nucleate bo i l ing  i n  a sa tu ra t ed  l i q u i d  has a l s o  been shown t o  be f a i r l y  
in sens i t i ve  t o  g rav i ty  by means of t e s t s  a t  increased g rav i ty  f i e l d s .  Results 
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i n  re ferences  6 and 7 f o r  bo i l i ng  from a horizontal  c y l i n d r i c a l  sur face  i n  
d i s t i l l e d  water showed s h i f t s  i n  
only a maximum of 5' F as g rav i ty  w a s  increased t o  20 gn. The l a r g e s t  s h i f t s  
were a t  low heat  f luxes  where the  hea t  was being t r ans fe r r ed  p a r t l y  by f r e e  
convection. The d i r e c t i o n  of t he  s h i f t  changed from lower t o  higher tempera- 
t u r e  d i f fe rences  as t h e  hea t  flux increased. More recent  da ta  f o r  bo i l i ng  of 
l i q u i d  hydrogen ( r e f .  8) have a l s o  demonstrated t h e  i n s e n s i t i v i t y  of nucleate  
b o i l i n g  t o  increases  i n  grav i ty .  
bo i l i ng  along with some discussion of t h e  forces  ac t ing  on t h e  bubbles i s  given 
i n  re ference  9. 

Tw - Tsat ( f o r  a f ixed  hea t - t ransfer  r a t e )  of 

Additional information on g rav i ty  e f f e c t s  i n  

To provide a b e t t e r  understanding of the nucleate-boi l ing mechanism i n  r e -  
duced g rav i ty ,  t he  present  authors s tud ied  t h e  fo rces  ac t ing  on s i n g l e  bubbles 
forming on a hor izonta l  p l a t e  ( r e f s .  1 0  and 11). For d i s t i l l e d  water, t h e  de- 
tachment of bubbles was found t o  be governed by a balance of buoyancy and 
surface- tension forces  with t h e  i n e r t i a l  force being very s m a l l .  
i n e r t i a l  force  was of l i t t l e  s ign i f icance  i n  accounting f o r  the  nucleate- 
bo i l i ng  behavior i n  water a t  low gravi ty .  It was observed tha t ,  a t  low grav- 
i t y ,  t he re  w a s  a s u b s t a n t i a l  increase  i n  bubble coalescences, because the  vapor 
tends t o  l i n g e r  near t he  sur face  f o r  s ~ n  appreciable per iod a f t e r  detachment. 
"he new bubbles growing on the  sur face  co l l i de  with t h i s  l i n g e r i n g  vapor m a s s ,  
and sur face  tension then p u l l s  t h e  bubbles i n t o  t h e  vapor m a s s .  This increased 
amount of coalescence g r e a t l y  a i d s  t h e  removal of vapor from t h e  surface.  

Hence, t he  

For nucleate  bo i l ing  i n  a 60-percent-by-weight aqueous sucrose so lu t ion  
( r e f .  111, t h e  bubbles forming on a hor izonta l  p l a t e  grew much more r a p i d l y  
than i n  d i s t i l l e d  water. This r a p i d  growth produced l a r g e  i n e r t i a l  forces ,  
which apparent ly  accounted f o r  t h e  bubbles appearing t o  be propel led from t h e  
sur face .  A s  a r e s u l t ,  f o r  t h i s  f l u i d ,  t h e  undisturbed bubbles leav ing  t h e  sur- 
face  were e s s e n t i a l l y  t h e  same s i z e  fo r  both Earth and reduced g r a v i t i e s .  As  
expected, i n  reduced g rav i ty  the  detached bubbles tended t o  remain c lus t e red  
near t h e  heat ing sur face  f o r  a much longer  per iod  of time. 

To supplement t hese  s tud ie s  of bubble dynamics from a heated hor izonta l  
p l a t e ,  t h e  authors ,  i n  t h i s  i nves t iga t ion ,  have obtained hea t - t ransfer  da ta  from 
a t h i n  e l e c t r i c a l l y  heated wire. 
temperature can respond r ap id ly  t o  g rav i ty  changes, whereas the  heated hor i -  
zonta l  p l a t e  i n  re ferences  10 and 11 had a l a r g e  thermal m a s s  and remained 
e s s e n t i a l l y  a t  a f ixed  temperature when gravi ty  was  reduced. Data were ob- 
t a ined  f o r  nuc lea te  b o i l i n g  of water, e thyl  a lcohol ,  and 60-percent-by-weight 
aqueous sucrose so lu t ion  f o r  wires i n  both hor izonta l  and v e r t i c a l  o r i en ta -  
t ions .  High-speed motion p i c t u r e s  were taken during a l l  of t he  t e s t s  t o  a i d  i n  
t h e  i n t e r p r e t a t i o n  of t h e  bo i l ing  mechanisms. 

Because the wire has a low hea t  capacity,  i t s  

Resul t s  were also obtained for film boi l ing  of e thy l  a lcohol  from hor i -  
zonta l  and v e r t i c a l  wires.  
i s  i n t e r p r e t e d  with regard  t o  r e s u l t s  derived from t h e  Taylor i n s t a b i l i t y  
theory,  which has been previously appl ied i n  t h e  l i t e r a t u r e  t o  t h e  f i lm-boi l ing 
mechanism. 

The vapor pa t t e rn  observed f o r  t h e  hor izonta l  wire 

L i t t l e  information e x i s t s  on f i l m  boi l ing  f o r  g rav i ty  f i e l d s  other  than 
Earth g rav i ty .  I n  re ference  1 2 ,  t h e  e f f e c t  of increased g rav i ty  on f i l m  b o i l -  
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i ng  from a 3/16-inch ho r i zon ta l  tube i s  inves t iga t ed .  For t h e  range t e s t ed ,  
which w a s  up t o  7 gn, t h e  hydrodynamic measurements of t h e  bubble configura- 
t i o n s  agreed reasonably w e l l  with t h e  theory based on t h e  Taylor i n s t a b i l i t y  
theory.  
ence 13. In  reference 1, a f e w  photographs of f i l m  bo i l i ng  i n  t h e  reduced- 
g rav i ty  range are given f o r  a heated ho r i zon ta l  tube. Heat-transfer da t a  f o r  
f i lm-bo i l ing  from a sphere i n  t h e  reduced g r a v i t y  range re  given i n  r e f e r -  
ence 4, where t h e  Nusselt number w a s  proport ional  t o  g173 i n  t h e  range t e s t e d  

Additional high-gravity r e su l t s  up t o  22 gn a r e  given i n  r e f e r -  

(0.01 t o  1 gn) .  

This r e p o r t  i s  concerned with f i l m  b o i l i n g  from a heated wire 0.0197 inch 
i n  diameter. The configurat ion of t h e  vapor surrounding t h e  w i r e  w a s  g r e a t l y  
influenced by t h e  l a r g e  circumferent ia l  curvature  ( s m a l l  r ad ius )  of t h e  w i r e .  
When e i t h e r  a t h i n  f i l m  of vapor or l i q u i d  covers a t h i n  w i r e ,  o r  a l i q u i d  i s  
formed i n t o  a t h i n  thread, t he  circumferent ia l  curvature produces a surface-  
t ens ion  force t h a t  p u l l s  t h e  f i l m  o r  thread i n t o  a s e r i e s  of equal ly  spaced 
spher ica lmasses .  This occurs because t h e  volume of t h e  f i l m  can be contained 
i n  such masses with l e s s  su r face  energy than t h a t  required f o r  t h e  c y l i n d r i c a l  
form. The i n s t a b i l i t y  of a c y l i n d r i c a l  f l u i d  element i s  considered i n  r e f e r -  
ences 1 4  t o  1 6 .  T h i s  type of i n s t a b i l i t y  should govern t h e  vapor f i l m  sur- 
rounding a w i r e ,  i f  t h e  w i r e  radius  i s  s u f f i c i e n t l y  s m a l l .  For a l a r g e r  diam- 
e t e r  wire, t he  e f f e c t s  of g r a v i t y  and circumferent ia l  curvature would be com- 
bined t o  influence the  shape of t h e  vapor film. These combined e f f e c t s  have 
r e c e n t l y b e e n  considered f o r  a l i q u i d  f i l m  on a cyl inder  ( re f .  1 7 )  and f o r  a 
vapor layer  surrounding a w i r e  ( ref .  18). These authors apparent ly  were not  
aware of t he  r e l a t i o n  of t h e i r  problem t o  t h e  problems i n  references 14 and 15. 
The e f f e c t  of t e s t - s e c t i o n  diameter on f i l m  b o i l i n g  from a ho r i zon ta l  cyl inder  
has been reported i n  reference 1 9 .  

The results of t h e  present  i n v e s t i g a t i o n  show t h a t  t h e  circumferent ia l  
curvature e f f e c t s  have an increasing inf luence on t h e  vapor hydrodynamics as 
g r a v i t y  i s  reduced. A t  zero g rav i ty ,  t h i s  e f f e c t  would prevent t h e  vapor f i l m  
from growing i n  a c y l i n d r i c a l  configurat ion about t he  heated w i r e .  For a ver- 
t i c a l  wire i n  f i l m  boi l ing,  t h e  e f f e c t  of t h e  v e r t i c a l  o r i e n t a t i o n  becomes less  
s i g n i f i c a n t  as g r a v i t y  i s  reduced. For very low g r a v i t y  f i e l d s ,  t h e  vapor 
o r i en ta t ion  about t h e  v e r t i c a l  wire becomes the same as t h a t  f o r  a ho r i zon ta l  
wire. A motion-picture f i l m  supplement C-238 t h a t  i l l u s t r a t e s  t h e  foregoing 
r e s u l t s  has  been prepared and i s  a v a i l a b l e  on loan. A request  card and a de- 
s c r i p t i o n  of t h e  f i l m  a r e  included a t  t h e  back of t h i s  r epor t .  

EXPERIMEJ!JTAL APPARATUS 

Connterweighted Drop Tower 

A drop tower ( f i g .  l ( a ) )  with a v e r t i c a l  f a l l  of 1 2 . 5  fee t  w a s  used t o  ob- 
t a i n  reduced g r a v i t y  f i e l d s .  Counterweights of d i f f e r e n t  m a s s  were used t o  
r egu la t e  t h e  platform r a t e  of descent i n  order t o  produce various e f f e c t i v e  
g r a v i t y  f i e l d s  i n  t h e  t e s t  b o i l e r .  Because of f r i c t i o n  i n  t h e  platform guides, 
t h e  minimum grav i ty  f i e l d  obtained w a s  0.014 times Earth g rav i ty .  The tes t  
times were of t h e  order of 1 second. Additional d e t a i l s ,  such as a desc r ip t ion  
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( a )  Counterweighted drop tower. (Drop height, 12.5 ft.) 

Figure 1. - Experimental apparatus. 
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of the calibration of the tower to determine gravity field as a function of 
counterweight mass, are discussed in reference 10. 

Test Boiler 

A platinum wire, 1.5 inches long and 0.0197 inch in diameter, was mounted 
A between two copper electrodes suspended in the test liquid (see fig. l(b)). 

horizontal wire position is shown, but by inserting extensions onto the elec- 
trodes, a vertical orientation could also be obtained. The liquid was main- 
tained at its saturation temperature by auxiliary heaters. Two heated fins ex- 
tended down near the sides of the glass enclosure and supplied most of the 
auxiliary heating. A small amount of heat was also added by a plate at the 
bottom of the enclosure. 

Instrumentation 

Electrical heating was supplied to the test wire by a parallel bank of 
six heavy-duty 2-volt batteries, each rated at 135 ampere-hours for a 1-hour 
discharge. The change in voltage when drawing 75 amperes from a battery for 
10 minutes is only about 1 millivolt. Hence, during the test runs the circuit 
voltage remained very nearly constant, and the power to the test section did 
not drift as a result of the batteries having been partially discharged. Power 
to the test section was varied by means of two resistance elements connected in 
parallel and placed in series with the wire. The resistance elements each had 
a maximum resistance of 0.26 ohm and could be varied from 0 to 0.26 ohm by 
means of sliding contacts. Constantan, which has a low-temperature coefficient 
of resistance, was used in these elements to prevent the resistance of the cir- 
cuit from changing if these resistors became warm from electrical dissipation. 

The current in the circuit was obtained by measuring the voltage across a, 
0.01-ohm precision resistor in series with the heated wire. 
across the test wire permitted measurements of the wire voltage. From these 
two measurements, the heat dissipation from the wire and the wire resistance 
were computed. The wire resistance gave the average temperature of the wire 
(Temperatures mentioned hereinafter are understood to be average values over 
the wire length.), as the platinum test wires had been calibrated as resistance 
thermometers. For steady-state measurements at normal gravity, both of the 
preceding measurements were obtained with a precision potentiometer readable to 
0.01 millivolt for readings above 0.161 volt and to 0.001 millivolt for smaller 
values. 

Voltage taps 

During the period of reduced gravity, only the changes from the normal- 
gravity signals were measured. This technique yields results having much bet- 
ter accuracy than those obtained by measuring the current and voltage during 
the reduced-gravity period and then subtracting the normal-gravity readings to 
determine the small change. Measuring only the change of signals was accom- 
plished by placing a fast-response recording potentiometer in series with the 
precision potentiometer connected to either the voltage or current signal, as 
shown in figure l(b). The precision potentiometer was then adjusted to give a 
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Figure 1. - Concluded. Experimental apparatus. 
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s i g n a l  equal and opposite t o  t h a t  p re sen t  i n  Earth g r a v i t y .  Hence, during t h e  
drop, only t h e  d i f f e rence  from t h e  o r i g i n a l  normal-gravity condi t ion was meas- 
ured. 

The pen on t h e  recording potentiometer had a l/%-second response f o r  a 
I 

f u l l - s c a l e  t r a v e l  of 42 inches.  

0 t o  1, 0 t o  5, 0 t o  10, and 0 t o  50 m v ) .  For t h e  t e s t  w i r e s  used, a change i n  
vol tage of 1 m i l l i v o l t  across  t h e  w i r e  corresponded approximately t o  a tempera- 
t u r e  change of 2O F, and consequently t h e  instrumentation w a s  capable of de- 
t e c t i n g  wire temperature changes of a f r a c t i o n  of a degree t h a t  r e s u l t e d  from 
t h e  gravi ty  reduction. Chart speeds up t o  6 inches pe r  second were ava i l ab le .  

Several  vol tage ranges w e r e  a v a i l a b l e  ( e .g . ,  

The f l u i d  temperature i n  t h e  b o i l e r  w a s  measured by two iron-constantan 
thermocouples, each encased i n  a s t a i n l e s s - s t e e l  sheath,  as i l l u s t r a t e d  i n  
f i g u r e  ~ ( I I ) .  

Motion p i c t u r e s  a t  about 3500 frames pe r  second w e r e  obtained by a high- 
speed 16-millimeter camera. The camera w a s  s t a r t e d  a f r a c t i o n  of a second be- 
fo re  t h e  t e s t  platform w a s  dropped s o  t h a t  each f i l m  roll provided a d i r e c t  
comparison between the  normal-gravity condi t ion and t h e  reduced-gravity condi- 
t i o n  immediately following. 

~ 

PROCEDURE 

The b o i l e r  w a s  c a re fu l ly  cleaned, and t h e  t e s t  s e c t i o n  w a s  wiped with ace- 
I tone. The f l u i d  w a s  brought t o  i t s  s a t u r a t i o n  temperature by t h e  a u x i l i a r y  

hea te r s  and allowed t o  b o i l  f o r  about 1 hour i n  order t o  d r i v e  o f f  dissolved 
gases.  The va r i ab le  r e s i s t o r s  were adjusted t o  provide t h e  des i r ed  test-wire 
hea t  f lux .  The b a t t e r y  c i r c u i t  w a s  then energized, and t h e  f l u i d  w a s  allowed 
t o  b o i l  from t h e  w i r e  u n t i l  t h e  cu r ren t  and vel-tage readings were steady. The 
platform w a s  r a i s e d  t o  t h e  dropping pos i t i on ,  and t h e  counterweight w a s  ad- 
j u s t ed  t o  provide t h e  desired g r a v i t y  f i e l d .  The camera w a s  then s t a r t e d ,  and 
a f t e r  about 0.3 second t h e  platform w a s  automatical ly  re leased.  The camera 
speed w a s  such t h a t  s h o r t l y  before t h e  end of t h e  100-foot roll of f i lm had been 
reached, t he  platform w a s  decelerated by contact ing a sand bed. During t h e  
reduced-gravity period, a measurement of e i t h e r  t h e  vo l t age  change across  t h e  
w i r e  or across t h e  p rec i s ion  r e s i s t o r  w a s  obtained on t h e  recorder .  The con- 
d i t i o n s  during t h e  reduced-gravity periods were very reproducible  s o  t h e  pro- 
cedure was then repeatkd t o  obtain t h e  other  vol tage change. Steady-state 
readings a t  normal g rav i ty  were made, and t h e  drop tes t s  and s teady-state  read- 
ings were repeated as a check. This procedure w a s  followed f o r  each g r a v i t y  
f i e l d  and each heat  flux. 

I 

NUCLEATE-BOILmG DATA 

For nucleate boi l ing,  t h e  reduced-gravity t e s t s  were made only a t  t h e  
lowest gravi ty  f i e l d  attaAnable, which w a s  0.014 gn. The tes ts  were a l l  per-  
formed with sa tu ra t ed  l i q u i d  a t  atmospheric pressure.  
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(b) Vert ical electrically heated wire. 

Figure 2. - Nucleate boi l ing curves for Earth grav i ty  and 0.014 Earth gravity, 

The s teady-s ta te  wire r e s i s t a n c e  gave t h e  average wire temperature. Since 
t h e  w i r e  w a s  being heated in t e rna l ly ,  the  surface temperature w a s  lower than 
the  measured average temperature over t h e  w i r e  cross sect ion.  A corrected sur- 
face  temperature w a s  obtained from the  following expression given i n  r e f e r -  
ence 20: 

This cor rec t ion  w a s  applied t o  both the normal- and the  reduced-gravity m e a s -  
urements and general ly  amounted t o  a few degrees. There i s  a l so  an a x i a l  t e m -  
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a l c o h o l  
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aqueous 
sucrose  
s o l u t i o n  

pera ture  v a r i a t i o n  r e s u l t i n g  from hea t  conduction along t h e  w i r e  t o  t h e  cooler 
supporting electrodes.  The magnitude of t h i s  e f f e c t  w a s  determined by using 
t h e  results given i n  reference 2 1  (p. 1 5 2 )  and w a s  neg l ig ib l e  f o r  t h e  present  
experimental conditions;  therefore ,  no cor rec t ion  w a s  applied.  From t h e  change 
of w i r e  voltage and cur ren t  flow during reduced gravi ty ,  t h e  change of r e s i s -  
tance was determined. By using t h e  temperature coe f f i c i en t  of r e s i s t ance ,  
which was known from previously ca l ib ra t ing  t h e  wires,  t h e  change i n  w i r e  t e m -  
pera ture  w a s  determined. The vol tage s igna l  recorded during t h e  reduced- 
g rav i ty  period resembled a square wave. A f t e r  t h e  platform w a s  re leased,  t h e  
s igna l  would s h i f t  very r ap id ly  t o  a new value and then remain a t  t h a t  value 
u n t i l  the platform w a s  decelerated,  which would cause t h e  s igna l  t o  r e t u r n  t o  
i t s  o r ig ina l  value.  

Hor izonta l  wi re  V e r t i c a l  wi re  

Ear th  g r a v i t y ,  Reduced g r a v i t y ,  E a r t h  g r a v i t y ,  Reduced g r a v i t y ,  

Heat f l u x ,  Temper- Heat f l u x ,  Temper- Heat f l u x ,  Temper- Heat f l u x ,  Temper- 

B t u / ( h r ) ( s q  f t )  d i f f e r -  B t u / ( h r ) ( s q  f t )  d i f f e r -  B t u / ( h r ) ( s q  f t )  d i f f e r -  B t u / ( h r ) ( s q  f t )  d i f f e r -  

0.014 gn gn 1 gn 0.014 g ,  

&/A, a t u r e  Q/A 9 a t u r e  Q/A 9 a t u r e  Q/A, a t u r e  

ence, ence, ence ence, 
Tw Tsat Tw - T s a t  Tw - Tsat  Tw - T s a t  

30,300 15.3 30,200 11.3 29,100 11.3 29,100 13.8 
50,100 16.7 50,000 14.5 48,700 14.2 46,900 17.6 
90,700 18.5 90,600 16.5 62,800 15.9 62,900 19.5 

69,400 17.3 69,700 21.8 

26,700 32.2 26,700 30.2 28,300 27.1 28,300 28.2 
48,300 33.1 46,200 31.3 47,800 30.1 47,800 31.2 
62,500 33.1 62,500 31.9 

30,000 37.3 30,000 37.3 31,000 64.3 31,000 65.8 
49,900 44.9 49,900 44.9 51,200 64.1 51,400 67.1 
64,700 50.3 64,700 50.3 66,200 73.0 66,400 83.9 
92,100 58.4 92,100 58.4 93,800 87.1 94,000 94.5 

Results f o r  Horizontal  Wire 

Data were obtained f o r  d i s t i l l e d  water, 60 percent-by-weight aqueous 
sucrose solut ion,  and e thy l  a lcohol  f o r  wires i n  both hor izonta l  and v e r t i c a l  
pos i t ions .  The hea t - t ransfer  results a r e  shown i n  f igu re  2 and a r e  l i s t e d  i n  
t a b l e  I. For the  hor izonta l  wire, t he  Q/A aga ins t  AT curves f o r  water and 
e thy l  alcohol have s h i f t e d  t o  t h e  l e f t  f o r  t h e  low-gravity condition. This 
displacement of t h e  curves ind ica t e s  t h a t ,  a t  low g rav i ty  and f o r  a given heat  
f lux ,  a smaller thermal dr iving force  (AT) i s  required.  Hence, t he  bo i l ing  
process appears t o  have become more e f f i c i e n t  with t h e  g rav i ty  reduction. This 
agrees with t h e  resul ts  f o r  water i n  re ference  5. The curve s h i f t ,  however, i s  
s m a l l  (of  the  order of a f e w  degrees),  which would be of l i t t l e  consequence i n  
an engineering appl ica t ion .  For t h e  sucrose so lu t ion ,  no s h i f t  w a s  noted and, 
hence, the nucleate-boi l ing process i n  a sucrose so lu t ion  appears t o  be in -  
s ens i t i ve  t o  g rav i ty .  

A possible  explanation f o r  the  foregoing behavior may be obtained by ex- 
amining the  photographic r e s u l t s  presented herein and considering t h e  results 
i n  references 10 and 11, which inves t iga ted  nucleate-boiling bubble dynamics 
and t h e  forces  ac t ing  on bubbles i n  reduced gravi ty .  Some t y p i c a l  photographs 
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of nucleate b o i l i n g  from a horizontal  wire a t  a heat  f l ux  of approximately 
50,000 Btu per  hour per  square foot  i n  Earth grav i ty  and f o r  0.014 gn a r e  
shown i n  f i g u r e  3 fo r  t h ree  f lu ids .  Each s e t  gives the  normal-gravity condi- 
t i o n  and th ree  reduced-gravity p i c t u r e s  f o r  successively l a t e r  times. The 
photographs a l l  i nd ica t e  the  same general  behavior. 
are d i s t i n c t  nucleat ion s i t e s  spaced along t h e  wire so t h a t  most of t he  wire is  
not covered by vapor and the  l i q u i d  does not  have any d i f f i c u l t y  flowing i n  
toward t h e  sur face  around the  departing bubbles. 
are c h a r a c t e r i s t i c a l l y  smaller and more numerous than those i n  water or the  
sucrose solut ion.  When t h e  grav i ty  f i e l d  is reduced, the  bubbles begin t o  
coalesce t o  a much g r e a t e r  extent,  and a group of l a r g e r  bubbles i s  formed. A s  
t h e  t i m e  i s  increased, more coalescences occur, and a p a t t e r n  i s  formed with 
s m a l l  bubbles near the  wire and bubbles of increasing s i z e  a t  l a r g e r  dis tances  
from the  wire. It i s  a l s o  important t o  note t h a t  t he  bubbles a re  tangent t o  
the  w i r e  and do not tend t o  grow around it. A t  t he  end of t he  low-gravity per- 
i o d  most of t h e  wire i s  s t i l l  not covered by vapor, and it appears t h a t  s u f f i -  
c i e n t  space remains between the  bubbles s o  t h a t  the  l i q u i d  can flow i n  toward 
the  wire. 

For normal gravi ty ,  there  

The bubbles i n  e thy l  alcohol 

I n  references 10 and 11, boi l ing  occurred from a f l a t  horizontal  surface,  
and hence t h e  nucleation mechanism may have been d i f f e r e n t  from t h a t  occurring 
from a wire; however, some of t he  qua l i t a t ive  results a re  believed appl icable  
t o  the  present  study. 
growth and departure were analyzed by using measurements obtained from photo- 
graphic data.  For sucrose solut ions it was observed t h a t  bubble departure d i -  
ameters were independent of gravi ty .  The analysis  of forces  ind ica ted  t h a t  de- 
p a r t u r e  w a s  caused pr imari ly  by the  r e l a t i v e l y  l a r g e  i n e r t i a l  forces  developed 
during t h e  cha rac t e r i s t i c  rapid growth of bubbles i n  a sucrose solut ion.  Buoy- 
ancy forces  were of l i t t l e  s ignif icance,  and thus departure w a s  governed p r i -  
marily by the  gravity-independent i n e r t i a l  force.  Hence, t he  present  r e s u l t s  
(macroscopic i n  nature) ,  which ind ica t e  no change i n  t h e  boi l ing  curve with a 
change i n  g r a v i t y  for sucrose solut ions,  a r e  cons is ten t  with the  corresponding 
r e s u l t s  of reference 11 (microscopic i n  nature) .  

I n  reference 11 t h e  forces  ac t ing  on a bubble during i t s  

For w a t e r ,  t he  force ana lys i s  i n  reference 11 indicated t h a t  bubble de- 
par ture  f o r  s i n g l e  undisturbed bubbles w a s  pr imari ly  dependent on t h e  buoyancy 
force  overcoming the  surface-tension force,  t h e  i n e r t i a l  force being of l i t t l e  
s ignif icance.  Since, f o r  w a t e r ,  t h e  bubble departure i s  g r a v i t y  dependent, a 
poorer heat- t ransfer  performance might be expected a t  low g r a v i t i e s  as a result 
of vapor c o l l e c t i n g  and l inger ing  near the heated surface.  
d a t a  of reference 10, however, revealed a bubble-coalescence mechanism t h a t  ap- 
peared t o  increase the  turbulence and s t i r r i n g  ac t ion  within t h e  f l u i d  near t h e  
heated surface.  This increased a c t i v i t y  would tend t o  improve the  heat  t rans-  
f e r .  This coalescence mechanism cons is t s  of (1) t h e  growth of a bubble and i t s  
eventual detachment from t h e  surface,  (2) the hovering of t h e  detached bubble 
j u s t  above t h e  surface,  and ( 3 )  t h e  subsequent rap id  growth and coalescence 
with the  hovering bubble of numerous s m a l l  bubbles or ig ina t ing  from the  same 
nucleat ion s i te .  Hence, t h e  l inger ing  of a bubble near t he  surface provided a 
means f o r  removing severa l  subsequent bubbles, thus compensating f o r  t he  low 
buoyancy force,  which by i t s e l f  would produce poor bubble removal from the  sur- 
face.  

The photographic 

This coalescence mechanism i n  low gravi ty  may a c t u a l l y  remove t h e  bubbles 

11 



Water 

Heat fiux. CIA, Btu / i h r ) (q  fti: 50,100 
Temperature difference, AT, F: 16.7 

Heat flux, QIA, BtuiIhrHsq ft): 50,000 
Temperature difference, AT, “F: 14.5 

T i r i e  from bqinnin9 of re:iiiied- 
gravity period, sec: 0.05 -f F1116 in .  

0.50 

la1 Ea+ gravity. 

48. 
31.3 

0.05 
+/ k1116 in .  

0 20 

0.50 

(b)  0.014 Eart? gravity. 

60-Percent-by-weight 
aqueous sucrose solution 

49,900 
44.9 

49,WC 
44.9 

0.20 

0.50 

Figure 3. - Nucleate boiling for three fluids from horizontal electrically heated wire in Earth gravity and 0.014Earth gravity. 
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a t  a more r a p i d  r a t e  than buoyancy alone does i n  normal grav i ty ,  thus providing 
a s m a l l  i nc rease  i n  t h e  bo i l ing  hea t - t ransfer  coe f f i c i en t .  

Another f a c t o r  t h a t  may be s ign i f i can t  i n  accounting f o r  t h e  observed 
change i n  temperature of t h e  wire i s  t h a t  t he  downward-facing po r t ion  of t he  
w i r e  sur face  i s  u t i l i z e d  more e f f i c i e n t l y  i n  low g rav i ty  because t h e  bo i l ing  
becomes more symmetrically d i s t r i b u t e d  about t h e  wire as g rav i ty  i s  reduced. 

The foregoing discussion and t h e  hea t - t ransfer  da ta  i n d i c a t e  t h a t  a means 
f o r  removing bubbles from t h e  w i r e  i s  present  even i n  a low-gravity f i e l d .  The 
i n e r t i a l  fo rce  removes t h e  bubbles i n  sucrose so lu t ions ,  while coalescence with 
l a r g e r  bubbles f requent ly  removes t h e  newly formed bubbles i n  water or e t h y l  
a lcohol .  A s  more bubbles continue t o  coalesce, a p a t t e r n  i s  formed t h a t  con- 
sists of s m a l l  bubbles near t h e  wire and l a r g e r  bubbles away from t h e  w i r e .  
With a t  least  a s m a l l  g r av i ty  f i e l d  present  t o  remove t h e  l a r g e r  bubbles, it 
appears t h a t  t h e  l i q u i d  may continue t o  f l o w  i n  under t h e  bubbles thereby keep- 
ing  t h e  wire  i n  contact  with t h e  l i q u i d  and sus ta in ing  nucleate  boi l ing .  

The results repor ted  here in  ind ica t e  t h a t  g rav i ty  reductions do not ser- 
ious ly  a l ter  t h e  hea t - t ransfer  c a p a b i l i t i e s  of a bo i l ing  system ( a t  l e a s t  f o r  
t h e  s h o r t  t es t  t i m e s  ava i l ab le  and t h e  f l u i d s  t e s t ed )  and are i n  agreement with 
t h e  results of re ferences  1 t o  5 as  summarized i n  t h e  IWIBODUCTION. 

Results f o r  Ver t i ca l  Wire 

Nucleate-boiling da ta  f o r  t h e  wire placed i n  a v e r t i c a l  pos i t i on  a r e  
shown i n  f i g u r e  2(b) .  
0.014 gn s h i f t s  t h e  bo i l ing  curve t o  t h e  r igh t ,  t h a t  i s ,  i n  t h e  d i r ec t ion  of 
l e s s  e f f i c i e n t  heat  t r a n s f e r ,  where, f o r  a given hea t  flux, a higher tempera- 
t u r e  d i f f e rence  i s  required.  This behavior i s  opposite t h a t  observed i n  t h e  
ho r i zon ta l  o r ien ta t ion .  The reason f o r  t h i s  d i f fe rence  i s  not apparent from 
t h e  photographic results because t h e  bubble-removal mechanism s t rongly  resem- 
b l e s  t h a t  f o r  t h e  hor izonta l  w i r e .  

For tbjs o r i en ta t ion  a reduct ion i n  g rav i ty  f i e l d  t o  

For t h e  v e r t i c a l  o r i e n t a t i o n  it was necessary t o  operate  a t  lower hea t  
fluxes than those used f o r  t h e  hor izonta l ly  or ien ted  w i r e  i n  order t o  prevent 
t r a n s i t i o n  from nucleate  t o  film boi l ing  during t h e  low-gravity period. Per- 
haps i n  t h e  v e r t i c a l  case t h e  bubbles tend t o  r ise more c lose ly  along t h e  wire 
surface,  which increases  t h e  tendency f o r  the t r a n s i t i o n  t o  film b o i l i n g  t o  
occur. 

Photographs of nucleate  b o i l i n g  from a v e r t i c a l  w i r e  f o r  t h ree  f l u i d s  i n  
Earth g r a v i t y  and 0.014 gn 
are c lose  t o  those i n  figure 3, which p e r m i t  d i r e c t  comparisons t o  be  made. 
Earth g rav i ty  t h e  bubbles are c lus te red  about t he  wire.  For bo i l ing  alcohol  
t h e  bubbles are s m a l l  and so  numerous t h a t  t h e  wire i s  hidden by them, while 
f o r  bo i l i ng  water much of t he  w i r e  i s  v i s i b l e  between i s o l a t e d  nucleat ion 
s i t e s .  
bubble becomes very small, and t h e  bubble configurat ion changes with t i m e  i n  a 
manner similar t o  t h a t  f o r  t h e  hor izonta l  wire. During t h e  t es t  t i m e  a v a i l -  
able ,  t h e  bubble p a t t e r n  did not achieve a s teady configuration, and bubbles 

are shown i n  f igures  4 (a )  and ( b ) .  The hea t  f luxes  
In  

For t h e  reduced-gravity f i e l d  of 0.014 gn, t h e  buoyancy fo rce  on a 
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were s t i l l  continuing t o  coalesce i n t o  l a r g e r  masses. A t  t h e  end of t h e  t e s t  
period, it appeared t h a t  t h e  f l u i d  w a s  s t i l l  ab le  t o  flow i n  underneath t h e  
bubbles and wet t h e  w i r e  while t h e  bubbles remained tangent t o  t h e  wire. The 
bubbles were not observed t o  envelop t h e  w i r e  and r i se  along it, thereby coa.- 
l e s c i n g  with add i t iona l  bubbles t o  form a vapor f i l m ;  hence, during the  t e s t  
per iod nucleate bo i l ing  continued. It would be d e s i r a b l e  t o  have much longer 
t e s t i n g  times s o  t h a t  a steady bubble configurat ion could be achieved. 

The i n e r t i a l  fo rces  t h a t  develop during t h e  growth of bubbles i n  sucrose 

I n  t h i s  instance,  bubbles are propel led 
s o l u t i o n  a r e  demonstrated q u i t e  wel l  by t h e  b o i l i n g  t h a t  occurred from a v e r t i -  
c a l  w i r e  i n  low g rav i ty  ( f i g .  4 ( b ) ) .  
ho r i zon ta l ly  from the  heated surface,  as i l l u s t r a t e d  by t h e  sequence i n  f i g -  
ure 4 ( c ) .  
eventually coalesces with a l a r g e r  bubble away from t h e  surface.  

A bubble ( ind ica t ed  by arrow) moves ho r i zon ta l ly  o f f  t h e  surface and 

FILM-BOILING DATA 

Film b o i l i n g  was s tudied f o r  both ho r i zon ta l  and v e r t i c u l  w i r e s  a t  var ious 
reduced-gravity f i e l d s .  Ethyl a lcohol  w a s  s e l e c t e d  because, for t h i s  f l u i d ,  
f i l m  bo i l i ng  occurs a t  temperatures s u f f i c i e n t l y  moderate t o  prevent t h e  w i r e  
from melting. In cont , ras t  with nucleate boi l ing,  t h e  change i n  su r face  temper- 
ature i n  t h e  fi lm-boiling regime i s  considerable (of t h e  order of a few hundred 
degrees) when t h e  w i r e  i s  subjected t o  low g r a v i t y  (as has been demonstrated i n  
r e f .  4 ) .  For t h e  s h o r t  durat ion of t h e  p re sen t  tests t h e  recorded vol tage and 
cu r ren t  s igna l s  i nd ica t ed  a r a p i d  temperature increase of t h e  order of looo F 
during the t e s t ,  bu t  t h e  t e s t  t i m e  w a s  t o o  s h o r t  f o r  a s teady su r face  tempera- 
t u r e  t o  be achieved. Hence, data f o r  hea t  f l u x  as a funct ion of temperature 
difference f o r  reduced g r a v i t i e s  could not be obtained f o r  t h e  f i lm-boi l ing 
regime. The tes t  r e s u l t s  regarding t h e  hydrodynamics of f i lm  b o i l i n g  as a 
funct ion of g rav i ty  were q u i t e  i n t e r e s t i n g  and are reported and discussed i n  
t h e  subsequent sec t ions .  Even though t h e  surface temperature had not  reached a 
s teady condition, t h e  vapor p a t t e r n  adjusted almost instantaneously t o  t h e  
reduced-gravity conditions and then maintained t h e  same p a t t e r n  throughout t h e  
remainder of t h e  t e s t .  The vapor p a t t e r n  w a s  evident ly  a much s t ronger  func- 
t i o n  of g rav i ty  than of surface temperature. 

Typical photographs of f i l m  b o i l i n g  f o r  s eve ra l  g r a v i t y  f i e l d s  are shown 
i n  f igu res  5 and 6,  f o r  ho r i zon ta l  and v e r t i c a l  w i r e s ,  r e spec t ive ly .  The 
photographs i n d i c a t e  t h a t ,  as g r a v i t y  i s  reduced, t h e r e  i s  a general  increase 
i n  t h e  s i z e  of t h e  p e r i o d i c a l l y  spaced vapor masses along t h e  wire. The v e r t i -  
c a l  w i r e  i s  e spec ia l ly  i n t e r e s t i n g  because t h e  vapor does not  r i s e  i n  t h e  form 
of a smooth boundary l a y e r  of increasing thickness around t h e  wire. Rather, 
t h e  ci rcumferent ia l  surface tension p u l l s  t h e  vapor i n t o  a series of r e g u l a r l y  
spaced bubbles r i s i n g  along t h e  w i r e .  When g rav i ty  becomes low, t h e  influence 
of buoyancy, and hence wire o r i en ta t ion ,  i s  g r e a t l y  reduced, and t h e  vapor con- 
f igu ra t ion  around the  v e r t i c a l  wire achieves an appearance similar t o  t h a t  f o r  
t h e  horizontal  w i r e .  The p r i n c i p a l  difference i s  t h a t ,  f o r  t h e  v e r t i c a l  wire, 
t h e  e n t i r e  vapor configurat ion moves a x i a l l y  along t h e  w i r e .  

I n  order t o  understand t h e  hydrodynamic r e s u l t s  b e t t e r ,  t h e  i n s t a b i l i t y  
theory w i l l  be considered f o r  f i l m  b o i l i n g  from a hor i zon ta l  cy l inder .  
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(a) Configurations of regular ly  spaced vapor masses. 

Figure 5. - Fi lm boi l ing of ethyl alcohol from hor izonta l  electricaliy heated wi re at Earth and th ree  reduced gravit ies 

I n s t a b i l i t y  Theory f o r  Film Boiling on Horizontal  Wire 

Consider a heated wire of f i n i t e  l eng th  L surrounded by a vapor f i l m  as 
shown i n  f i g u r e  7( a) (p.  21) .  A1 ong t h e  upper p o r t i o n  of t h e  w i r e  t h e  l i q u i d  
l i e s  above t h e  vapor, and as a result  t h e  i n t e r f a c e  i s  unstable .  A series of 
r e g u l a r  waves i s  formed as has been analyzed i n  r e fe rence  22 .  The waviness of 
t h e  i n t e r f a c e  i s  of i n t e r e s t  because i t  i s  r e l a t e d  t o  t h e  r e g u l a r  r e l e a s e  of 
bubbles i n  f i l m  b o i l i n g ,  and equat ions f o r  t h e  h e a t  t r a n s f e r  have been forau- 
l a t e d  by u t i l i z i n g  t h e  i n s t a b i l i t y  theory.  Tay lo r ' s  ana lys i s ,  i n  which a p l ane  
i n t e r f a c e  was considered, has been extended t o  a c y l i n d r i c a l  i n t e r f a c e  (refs. 1 7  
and 16). F l u i d  dr ipping from a h o r i z o n t a l  cy l inde r  was  i nves t iga t ed ,  i n  ref-  
erence 1 7 ,  and t h e  f i lm-boi l ing configurat ion w a s  s t u d i e d  i n  reference 18. I n  
appendix B t h e  theory i s  reviewed and modified i n  order  t o  adapt it t o  a wire 
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(b) Configurations of min imum wavelength disturbances. 

Figure 5. - Concluded. Film boi l ing of ethyl alcohol from horizontal electr ical ly heated wire at  Earth and three reduced gravities 

of f i n i t e  l e n g t h  t h a t  i s  undergoing f i l m  b o i l i n g  i n  reduced g rav i ty .  
p o r t a n t  r e s u l t s  w i l l  now be b r i e f l y  summarized i n  order  t o  compare them wi th  
t h e  f i lm-boi l ing  bubble conf igura t ions  observed i n  reduced g rav i ty .  

The i m -  

I n  the i n s t a b i l i t y  theory,  t h e  vapor l a y e r  i s  assumed t o  be d is turbed  by a 
having a s inuso ida l  shape about a smooth equi l ibr ium i n -  s m a l l  pe r tu rba t ion  7 

t e r f a c e  pos i t i on :  

The wave shape t h a t  has t h e  g r e a t e s t  p r o b a b i l i t y  of being observed phys ica l ly  
i s  the  one for which t h i s  pe r tu rba t ion  w i l l  grow most r ap id ly .  This most 
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Figure 6. - Film boi l ing of ethyl alcohol from vertical electrically heated w i re  at  Earth and three reduced gravities. 
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(b) Configurations of m i n i m u m  wavelength disturbances. 

Figure 6. - Concluded. F i lm boi l inq of ethyl alcohol from vertical electrically heated w i re  at Earth and th ree  reduced gravit ies. 
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(a) Schematic drawing and coordinate system of s l ight ly perturbed vapor 
layer. 

1116inch-l I- 

h i in imum thickness conf igurat ion of vapor layer. Heat flux.102,000 
Btu per h o u r  per square foot; temperature difference, 675' F. Earth 
gravity. 

I 

ici M i n i m u m  thickness conf isurat ion of vapor 1a)er. Heat flux, -102,MK) 
Btu  per h o u r  per square foot. 0.014 Earth gravity. 

(d) Coordinates in cross section of wire and vapor layer. 

Figure 7. - Film-boil ing vapor conf igurat ion on electrically heated hor izontal  wire. 

uns tab le  o r  "most dangerous" condi t ion  corresponds t o  a s p e c i f i c  va lue  
t h e  i n t e g e r  
developr?ent ) 

IIQ of 
m, and i s  given by t h e  expression (see appendix B f o r  d e t a i l s  of 

(R + A€?)' Y2 1 L I n d = - - +  
2 4 T :  

( 3 )  

where AR i s  the average th ickness  of the  vapor l a y e r .  The th i ckness  AR has 
been assumed uniform i n  t h e  ana lys i s  i n  appendix By t h i s  assumption being based 
on t h e  photographs i n  f i g u r e s  7 (b )  and ( e ) .  

Corresponding t o  mdy t h e  most dangerous wavelength i s  given by 
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For a very l a r g e  wire rad ius  
and t h e  expression reduces t o  
second term thus accounts f o r  

R,  t h e  second term i n  the  square r o o t  vanishes,  
t h a t  f o r  a n  i n s t a b i l i t y  on a f l a t  p l a t e .  
the  e f f e c t  of cy l ind r i ca l  curvature.  This term 

The 

w i l l  dominate when R becomes s u f f i c i e n t l y  small. 

In t e rp re t a t ion  of Experimental Data 

Consider f i lm  boi l ing  of e thy l  a lcohol  with the  f l u i d  p rope r t i e s  f o r  
b o i l i n g  a t  atmospheric pressure as follows: t h e  l i q u i d  dens i ty  p 2  i s  45.75 
pounds per cubic foo t  divided by Earth g rav i ty  gn, t he  surface tens ion  IS i s  
10.16~10-~ pound per inch, and the  vapor dens i ty  
with p z .  The radius  of t h e  experimental wire i s  0.0099 inch. From t h e  photo- 
graphs, the vapor f i l m  th ickness  aR w a s  measured and w a s  approximately 

0.004 inch. 

and 
conditions,  the  most dangerous unstable  wavelength i s  s t rongly  dependent on t h e  
second term i n  t h e  square roo t  i n  equation (4), which i s  the  term a r i s i n g  from 
t h e  circumferent ia l  curvature of t he  wire. For Earth g rav i ty  and a wire length 
L 
&(l gn) = 2L/(2md + 1) = 0.15 inch. When the  g rav i ty  f i e l d  i s  reduced t o  zero 
these  values become m d ( O  g,) N 9 and h ( 0  g,) = 0.16 inch. Hence, because 
of t he  predominant e f f e c t  of t h e  c i rcumferent ia l  curvature,  t h e  most dangerous 
wavelength i s  e s s e n t i a l l y  in sens i t i ve  t o  g rav i ty  i n  the  g rav i ty  range l e s s  
than or equal t o  Earth grav i ty .  

pv i s  neg l ig ib l e  compared 

(Pz - Pv) = 261 per  square inch  g Then f o r  Earth g rav i ty  (g = gn> 7 
1 / ( R  + AR)2 =I 5180 per square inch. This shows tha t ,  f o r  t h e  present  

of 1 . 5  inches, equations (3)  and ( 4 )  give md(l gn) x 10 and 

The photographs i n  f igu re  5 (a )  (p .  1 7 )  show t h a t  t he  s i z e  of t h e  r egu la r ly  
spaced vapor masses increase as g rav i ty  i s  reduced, and f o r  low g r a v i t i e s  they 
a re  spaced f a r t h e r  apar t  than the  few ten ths  of an  inch ind ica ted  by the  com- 
puted most dangerous wavelength. The l i nea r i zed  theory,  however, i s  r e s t r i c t e d  
t o  only very small displacements of t he  vapor l aye r .  Hence, t o  make a proper 
comparison with theory, a cy l ind r i ca l  por t ion  of t he  l a y e r  must be observed 
t h a t  i s  j u s t  beginning t o  become unstable .  Although t h i s  i d e a l  configurat ion 
could not  be obtained experimentally, t h e  photographs i n  f igures  5(b)  and 6(b) 
show some adjacent  unstable  disturbances i n  regions where t h e  f i l m  i s  th in .  
For these  disturbances,  t h e  wavelengths a re  i n  t he  approximate range predicted 
by theory.  These unstable  disturbances were general ly  observed t o  col lapse 
before growing very la rge ;  t h e  vapor would flow a x i a l l y  i n t o  the  adjacent  l a r g e  
bubbles. Hence, t he  spacing of t he  l a r g e  bubbles does not appear t o  be descr ib-  
ab le  by the Taylor i n s t a b i l i t y  theory, which y i e lds  idea l i zed  r e s u l t s  t h a t  do 
not account for t he  increased tendency of bubbles t o  merge as g rav i ty  i s  r e -  
duced. 

The photographs here in  show t h a t  even i n  low-gravity f i e l d s  the  vapor f i l m  
can have unstable disturbance waves with sho r t  wavelengths (as indica ted  by the  
present  analysis)  t h a t  a r i s e  c h i e f l y  because of c i rcumferent ia l  surface-tension 
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e f f e c t s .  These waves, which are predicted by i n s t a b i l i t y  theory, d i f f e r  s ig -  
n i f i c a n t l y  from the  a c t u a l  configurat ion of  l a r g e  bubbles leav ing  the  wire i n  
reduced gravi ty .  These l a r g e  bubbles a r e  formed by the  merging of adjacent  
bubbles thereby obscuring t h e  o r ig ina l  wave p a t t e r n  a r i s i n g  from i n s t a b i l i t i e s .  
In reference 18 a regular  wave behavior was r e a d i l y  observed f o r  wire r a d i i  
equal t o  o r  g rea t e r  than 0.1 inch, bu t  f o r  smaller diameter wires t h e  merging 
of adjacent  bubbles became increas ingly  s ign i f i can t .  The present  results show 
t h a t  t h e  merging i s  a l s o  g r e a t l y  increased as g rav i ty  i s  reduced because of 
t h e  poorer vapor removal. 
r o l e  i n  t h e  u l t imate  vapor configurat ion.  Surface tens ion  i s  a l s o  important as 
it a c t s  t o  form the  merged vapor i n t o  spher ica l  shapes as shown qui te  well, f o r  
example, by the  v e r t i c a l  configurat ion i n  f i g u r e  6(a) (p. 19 ) .  

Hence, t h e  grav i ty  f i e l d  plays a very s i g n i f i c a n t  

Comments Regarding C r i t i c a l  (Burnout) Heat Flux 

I n  t h e  present  experiments f o r  nucleate boi l ing ,  it was observed t h a t  t h e  
heat  f l uxes  had t o  be reduced t o  prevent f i lm bo i l ing  from being i n i t i a t e d  
during t h e  low-gravity po r t ion  of t h e  t e s t .  This behavior was  expected as 
shown by both previous da ta  ( r e f .  1) and the  theory fo r  a horizont 1 pla te .  
The theory ind ica t e s  t h a t  t h e  c r i t i c a l  flux should decrease as  g l  9 4. The 
theory f o r  t h e  c r i t i c a l  f l u x  (ref. 23) i s  based on a Helmholtz i n s t a b i l i t y  i n  
which an in t e r f e rence  between t h e  vapor leaving the surface and t h e  l i q u i d  
moving toward the  sur face  occurs. The spacing of t h e  opposing vapor and l i q u i d  
streams i s  determined from t h e  wavelength of t h e  Taylor i n s t a b i l i t y  waves i n  
t h e  vapor l aye r .  
t i o n  (4) i nd ica t e s  t h a t  t he  wavelength of a disturbance i s  a funct ion both of 
g rav i ty  and wire rad ius .  
ca tes  t h a t  i n s t a b i l i t i e s  w i l l  occur pr imari ly  as a r e s u l t  of t h e  l a rge  circwn- 
f e r e n t i a l  surface tens ion  of t he  l i q u i d  f i lm about t he  s m a l l  wire. Since, ac- 
cording t o  reference 23, t he  c r i t i c a l  heat f lux i s  r e l a t ed  t o  t h e  i n s t a b i l i t i e s ,  
t he  separa te  e f f e c t s  of grav i ty  reductions and w i r e  diameter reduct ions on t h e  
c r i t i c a l  flux w i l l  now be  considered. 

I n  t h e  present  case f o r  a t h i n  wire tes t  sec t ion ,  equa- 

A t  s m a l l  r a d i i  and low gravi ty ,  t h e  equation ind i -  

For a t h i n  wire t e s t  sect ion,  as gravi ty  i s  reduced, t h e  1/R2 t e r m  i n  
equation (4) becomes dominating, which ind ica tes  t h a t  t h e  c r i t i c a l  heat  f l u x  
should eventual ly  become independent of fu r the r  g rav i ty  reductions.  A t  t h e  
lowest g r a v i t i e s  i n  figure 3 of reference 1, t h e  c r i t i c a l  heat  f l u x  d id  have a 
tendency t o  drop off  l e s s  r ap id ly  than so  t h a t  t h e  c i rcumferent ia l  sur- 
face  tens ion  may have had some e f f ec t .  
f o r  t h e  0.0453-inch-diameter tes t  sec t ion  used i n  reference 1, t h e  surface-  
tens ion  e f f e c t  (1/R2 t e r m )  should have been dominant. 
t ens ion  e f f e c t s  were not s t rongly  evident i nd ica t e s  t h a t  t he  Taylor i n s t a b i l i t y  
theory,  used i n  the  present  der ivat ion,  i s  not  wholly s u i t e d  f o r  use i n  a 
model of film boi l ing  from t h i n  wires a t  low gravi ty .  

Equation (4), however, i nd ica t e s  t h a t  

The f a c t  t h a t  surface-  

Another aspect  of t h i s  discussion i s  t h e  considerat ion of f i l m  bo i l ing  i n  
Earth g rav i ty  while t h e  diameter of t h e  horizontal  heated wire i s  varied.  If 
t h e  Taylor i n s t a b i l i t y  theory i s  d i r e c t l y  appl icable ,  f o r  s m a l l  enough diam- 

e t e r s  t h e  1/R2 - pv) 
term, and the  c r i t i c a l  heat  f l ux  would then increase  when R i s  reduced fur- 

t e r m  should become dominating compared with the  $ 
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t he r .  This behavior has been observed only once i n  t h e  l i t e r a t u r e ,  but  was not 
explained by considering circumferent ia l  surface- tension e f f ec t s .  For wire d i -  
ameters between 0.00075 and 0.002 inch it w a s  observed t h a t  t h e  c r i t i c a l  hea t  
f l u x  increases with decreasing wire s i z e  ( r e f .  2 4 ) .  The explanation given w a s  
t h a t  t h e  t h i n  wire i s  mechanically weak, and t h e  bubbles may be dislodged by 
v ib ra t ions  r e s u l t i n g  from t h e  e b u l l i t i o n  process.  The authors of reference 25 
expected t h a t  very s m a l l  diameter ho r i zon ta l  hea t e r s  should be a b l e  t o  with- 
s tand higher c r i t i c a l  hea t  f luxes than l a r g e  diameter hea te r s .  Their reason- 
ing  i s  tha t ,  f o r  l a r g e  diameter ho r i zon ta l  cyl inders ,  l i q u i d  s t a r v a t i o n  i s  more 
quickly a t t a ined  because it i s  more d i f f i c u l t  f o r  l i q u i d  t o  pene t r a t e  through 
the  vapor l a y e r  t o  t h e  top  of t h e  heater  where burnout u sua l ly  occurs. A re- 
view of the da t a  of other i nves t iga to r s  ( f i g .  9 of r e f .  24)  shows, however, 
t h a t  t h e  c r i t i c a l  heat  f l u x  has general ly  increased as the  diameter of t h e  hor- 
i z o n t a l  wire i s  r a i s e d  above approximately 0.004 inch. This t r end  i n d i c a t e s  
t h a t  t h e  i n s t a b i l i t y  theory presented herein,  which includes t h e  inf luence of 
circumferential  surface tension, i s  not  d i r e c t l y  appl icable  t o  t h e  p red ic t ion  
of t h e  c r i t i c a l  hea t  flux. 

CONCLUDING REMARKS 

The e f f e c t  of reduced g r a v i t y  on nucleate  and f i l m  bo i l i ng  from an e l ec -  
t r i c a l l y  heated wire has been s tudied experimentally f o r  t h e  ho r i zon ta l  and the  
v e r t i c a l  o r i en ta t ions .  The b o i l i n g  f l u i d s ,  which were a t  s a t u r a t i o n  tempera- 
t u r e s  and atmospheric pressure,  were water, e t h y l  alcohol,  and 60-percent-by- 
weight aqueous sucrose so lu t ion .  

For nucleate bo i l ing  a t  a f ixed  heat  f l u  t h e  average surface temperature 
of a horizontal  wire became a few degrees cooler when g r a v i t y  w a s  reduced t o  
0.014 times Earth g rav i ty  f o r  water and e t h y l  alcohol and d i d  not change f o r  
t he  sucrose so lu t ion .  For a v e r t i c a l  wire, t h e  average surface temperature 
increased as much as seve ra l  degrees f o r  water, e t h y l  alcohol,  and 60-percent- 
by-weight aqueous sucrose so lu t ion .  

Since these  changes were s m a l l ,  t he  t e s t s  indicated t h a t  hea t  removal by 
means of nucleate bo i l ing  w a s  v i r t u a l l y  i n s e n s i t i v e  t o  g rav i ty  reductions,  a t  
l e a s t  f o r  t he  g r a v i t i e s  t e s t e d  (1.0 t o  0.014 gn) and t h e  s h o r t  t e s t  times. 
Probable causes f o r  t h i s  i n s e n s i t i v i t y  are bubble coalescence, f l u i d  i n e r t i a ,  
and surface tension. These mechanisms provide a means f o r  removing bubbles 
from t h e  surface and thereby prevent t h e  surface from becoming covered by a 
continuous vapor fi lm. 

For f i lm bo i l ing  the  vapor p a t t e r n s  observed f o r  e t h y l  alcohol on ho r i -  
zontal  and v e r t i c a l  wires changed s i g n i f i c a n t l y  when t h e  g r a v i t y  f i e l d  w a s  re- 
duced. The vapor bubbles l eav ing  t h e  w i r e  increased i n  s i z e ,  and, f o r  t h e  hor- 
i z o n t a l  wire, t h e  sideways coalescence of vapor masses became more frequent. 
For a v e r t i c a l  wire, t h e  vapor did not r i s e  i n  a smooth boundary-layer-like 
fashion about t h e  wire, but  r a the r ,  under the  inf luence of surface tension, t h e  
vapor layer  was broken i n t o  a s e r i e s  of r egu la r ly  spaced bubble-like enlarge- 
ments r i s i n g  along t h e  wire. This occurred even a t  normal g rav i ty .  A s  g r a v i t y  
was reduced, t he  vapor configuration f o r  t h e  v e r t i c a l  wire became similar t o  
t h a t  f o r  the horizontal  w i r e .  



Small unstable waves were observed on the thin vapor film surrounding the 
wire between the large vapor aasses for both horizontal and vertical orienta- 
tions in film boiling. For the 0.0197-inch-diameter wire used as a test sec- 
tion in the present experiments, circumferential surface tension dominated the 
behavior of these waves with gravity liaviiig an insignificant effect. This was 
revealed by analysis and demonstrated by experiment. 
surface-tension effect kept the wavelength of these unstable waves from in- 
creasing appreciably when gravity became small. 

The circumferential 

Lewis Research Center, 
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Cleveland, Ohio, November 2, 1964. 
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APPENDIX A 
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area of heated surface 

constant 

wire diameter 

g r a v i t a t i o n a l  f i e l d  

Earth (normal) g r a v i t y  

thermal conductivity of w i r e  

l eng th  of wire 

in t ege r  

exponential growth f a c t o r  i n  eq. ( 2 )  

pres sur e 

heat t r a n s f e r r e d  per  u n i t  time from s o l i d  surface t o  bo i l ing  l i q u i d  

wire radius  

r a d i a l  dis tance between wire surface and undisturbed pos i t i on  of vapor- 

radius  of curvature of vapor i n t e r f a c e  i n  c ros s - sec t iona l  plane of 

l i qu id  i n t e r r a c e  

heated wire (wire cross sec t ion  i s  a c i r c l e )  

radius  of curvature of vapor i n t e r f a c e  i n  plane p a r a l l e l  t o  x-axis and 
passing through wire c e n t e r l i n e  

temper a t u r  e 

temperature difference,  Tw - TSat 

ve loc i ty  i n  x-direct ion 

ve loc i ty  i n  y-direct ion 

a x i a l  dis tance along ho r i zon ta l  w i r e  

v e r t i c a l  d i s t ance  ( p a r a l l e l  t o  g r a v i t a t i o n a l  acce le ra t ion )  from top  of 
undisturbed vapor-liquid i n t e r f a c e  surrounding ho r i zon ta l  wire 

r a d i a l  displacement of vapor-liquid i n t e r f a c e  from undisturbed p o s i t i o n  



h wavelength 

F dens i ty  

0 sur face  tens ion  

T time 

0 v e l o c i t y  p o t e n t i a l  f’unction 

Subscr ipts :  

av average 

d most dangerous disturbance 

2 l i q u i d  

0 proper t ies  a t  undisturbed vapor-liquid in t e r f ace  

sat  s a t u r a t i o n  

v ~ a p  or 

W surface 
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APPENDIX B 

INSTABILITY THEORY FOR FILM B O I L I N G  ON HORIZONTAL WIRE 

A s  shown i n  f igu re  7 ( a ) ,  a heated wire of l e n g t h  
vapor f i lm.  
t h e  y-axis extending upward from t h e  top  of t h e  in t e r f ace .  
t i a l  i s  defined as i n  t h e  Taylor type of ana lys i s  ( r e f .  22 o r  2 6 ) :  

L i s  surrounded by a 
The x-axis l i e s  along t h e  undisturbed l iquid-vapor i n t e r f a c e  wi th  

The v e l o c i t y  poten- 

The cont inui ty  equation then becomes 

s o  t h a t  any v a l i d  p o t e n t i a l  funct ion must 
i n v i s c i d  f l u i d  i s  assumed, t h e  l i n e a r i z e d  
d i r e c t i o n  i s  

s a t i s f y  t h e  Laplace equation. 
equation of motion f o r  t h e  v e r t i c a l  

If an 

This equation i s  in t eg ra t ed  with r e spec t  t o  y, which gives the r e s u l t  

where po i s  t h e  mean pressure a t  t h e  i n t e r f a c e  f o r  t h e  unperturbed condition. 

Writing and rearranging t h i s  equation f o r  both t h e  l i q u i d  and t h e  vapor 
y i e l d  

The ve loc i ty  p o t e n t i a l  functions i n  t h e  l i q u i d  and t h e  vapor can be chosen 
as 
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which both satisfy equation (BZ). They also s a t i s f y  t h e  conditions t h a t  t h e  
l i q u i d  and t h e  vapor v e l o c i t i e s  are f i n i t e  a t  l a r g e  values of +y or  -y, re- 
spec t ive ly ,  and t h a t  v~ = vv a t  y = 0, which, f o r  small  displacements, i s  
t h e  approximate in t e r f ace .  
y = ~ ( X , T )  i s  

The f r e e  boundary condition a t  t he  i n t e r f a c e  

In t eg ra t ing  gives tiie i n t e r f a c e  shape about t h e  equilibrium in t e r f ace :  

The displacement from equi l ibr ium i s  assumed t o  be zero a t  t h e  ends of t h e  
wire, x = 0 and x = L. This condi t ion i s  s a t i s f i e d  by t h e  chosen s ine  func- 
t ion .  If n i s  pos i t ive ,  t h e  displacement w i l l  grow with time, and t h e  i n t e r -  
face w i l l  be unstable.  

The p o t e n t i a l  funct ions (eqs. (B6)) are now subs t i t u t ed  i n t o  equations (B5) 
t o  give 

The pressure d i f fe rence  across  the  in t e r f ace  i s  then given by 

where t h e  quant i ty  
mation for very s m a l l  values of y. 

e (Em+l)(ny/L) has been s e t  equal t o  un i ty  as an approxi- 

The pressure d i f fe rence  across the  in t e r f ace  must a l s o  agree with t h a t  
computed from the  surface- tension forces .  
from t h e  p r i n c i p a l  r a d i i  of curvature as 

The pressure  d i f fe rence  i s  computed 

For small  displacements l / R x  Z= - dZ7/axz. The rad ius  of curvature Re, i n  t h e  
c i rcumferent ia l  d i r e c t i o n  i s  obtained fron! t h e  cross-sect ional  shape of t h e  
f i l m .  That t h e  d e t a i l s  of t h i s  shape have not  been w e l l  e s tab l i shed  w a s  r e -  
cen t ly  pointed out i n  t h e  discussion sect ion a t  t h e  end of reference 18. 
ures 7(b) and ( e )  (p. 21)  show photographs a t  a higher magnification than those 

Fig- 
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i n  f igu re  5 (pp. 1 7  and 18) f o r  the  vapor f i l m  on a hor izonta l  wire i n  Earth 
grav i ty  and i n  reduced gravi ty  (0.014 gn). A t  t he  loca t ions  where t h e  vapor 
film i s  r e l a t i v e l y  undisturbed and has a minimum thickness ,  t h e  f i l m  appears t o  
be qui te  symmetric about the  wire even i n  Earth gravi ty .  
g rav i ty  f i e l d s  the  f i l m  d e f i n i t e l y  becomes thinner  along the  bottom of the  
wire, as discussed i n  reference 1 2 ,  t h i s  i s  evident ly  not  t h e  case f o r  the  nor- 
m a l  or  reduced-gravity conditions observed herein.  Hence, f o r  t h e  present  
analysis ,  a symmetric c i r c u l a r  f i l m  cross sec t ion  w i l l  be  assumed, as shown i n  
f igure  7(d) (p. 21). I n  t h i s  instance,  when the re  i s  a d e f l e c t i o n  of t he  f i l m  
of magnitude 7, the  ci rcumferent ia l  radius  of curvature Rc becomes 

Although f o r  higher 

R, = R + AR + 7 

Subs t i tu t ing  R, and Re i n t o  equation (B11) and equating the  r e s u l t  t o  equa- 
t i o n  (B10) give 

For an equilibrium in t e r f ace  when 
t i o n  (B8) reduces t o  

,-, = 0, equation (B12) with the  use of equa- 

Asswnming 7 << R, q << AR, and AR not  necessar i ly  s m a l l  compared with R 
gives  

The displacement 7 
then be rearranged t o  give 

i s  s u b s t i t u t e d  from equation (B8), and equation (B15) can 
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For the  displacement t o  grow with time, n 
zero, as seen from equation (B8). 
s ide  of equation ( B E )  must be pos i t ive .  The f a c t  t h a t  n could then be a 
negative number (because there  i s  a square roo t  involved) i s  neglected as  it i s  
known physical ly  t h a t  t he  disturbances do amplif‘y. (Both pos i t ive  and negative 
solut ions e x i s t ,  but  the negative one decays with time.) 
s t a b l e  in t e r f ace  

has t o  be a r e a l  number grea te r  than 
Hence, f o r  unstable conditions, the  r i g h t  

Hence, f o r  an un- 

and 

The corresponding unstable wavelength i s  

This equation i s  of t h e  same general  form as  t h a t  obtained i n  reference 18. To 
obtain t h e  value of m f o r  which t h e  waves w i l l  be most unstable,  the  value of 
n i s  maximized with respect  t o  m by l e t t i n g  &/dm = 0, which gives by using 
equation (B16) 

1 L - m a -  - - +  
2 7 / 5 3 ?  
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A motion-picture film supplement C-238 is available on loan. Requests 
w i l l  be filled in the order received. 
date scheduled. 

You will be notified of the approximate 

The film (16 mm, black and white, sound) shows nucleate boiling in 
distilled water from a horizontal and a vertical wire, and nucleate boiling of 
a 60-percent-by-weight aqueous sucrose solution from a vertical wire, both at 
Earth gravity and at 0.014 times Earth gravity. In addition, film boiling of 
ethyl alcohol is shown for horizontal and vertical wires in Earth and three 
reduced gravity fields. 

Film supplement C-238 is available on request to: 

Chief, Technical Information Division 
National Aeronautics and Space Administration 
Lewis Research Center 
21000 Brookpark Road 
Cleveland, Ohio 44135 
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Please send, on loan, copy of film supplement C-238 to 
TR R-216 

Name of organization 

Street number 

City and State 
Attention: Mr.  

Title 
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